Rotating bending fatigue tests for aluminum alloy 6061-T6, close to elastic limit and with artificial pitting holes  by Dominguez Almaraz, Gonzalo M. et al.
Available online at www.sciencedirect.com
Procedia Engineering  00 (2009) 000–000 
Procedia
Engineering
www.elsevier.com/locate/procedia
Fatigue 2010 
Rotating bending fatigue tests for aluminum alloy 6061-T6, close to 
elastic limit and with artificial pitting holes 
Gonzalo M. DOMINGUEZ ALMARAZ1,*, Victor H. MERCADO LEMUS1, J. Jesús 
VILLALON LOPEZ1
1Universidad Michoacana (UMSNH), Santiago Tapia No. 403,Morelia Michoacan, 58000, Mexico 
Received 28 February 2010; revised 10 March 2010; accepted 15 March 2010 
Abstract 
This work deals with rotating bending fatigue tests on aluminum alloy 6061-T6, under loading condition close to elastic limit of
material. Results have been obtained for three types of specimens: without artificial pitting, specimens with one artificial pitting 
hole and specimens with two close artificial pitting holes. Results show that fatigue endurance is reduced in the case of one 
pitting hole and considerably for two close pitting holes. In order to explain this behavior, numerical analysis by FE were carried
out to determine the stress concentrations for the three types of specimens. It is found that the stress concentration for two close 
pitting holes is an exponential function of the separation between the two holes, under uniaxial loading. The probability to find
two or more close pitting holes in real industrial materials, such as cast iron, corroded or pitting metallic alloys is high; then, the 
stress concentration for two or more close pitting holes should be considered for the fatigue prediction life under fatigue loading 
and corrosion attack applications.  
Keywords: Rotating bending fatigue; Aluminium alloy; Artificial pitting holes; Stress concentration. 
1. Introduction 
The aluminium alloy 6061-T6 is a precipitation hardening alloy with high content of magnesium and silicon, 
presenting good mechanical properties and weldability and  one of the most common aluminium alloys for general 
purpose use: aircraft fittings, brake pistons, hydraulic pistons, appliance fittings, valves and valve parts, bike frames, 
camera lens mounts, couplings, marines fittings and hardware, electrical fittings and connectors, decorative or misc. 
hardware, hinge pins, magneto parts and others.  
Modern industrial applications of aluminum alloys imply frequently environmental corrosion attack; this is the 
reason of some recent works dealing with the problem: development of the “Corrosion Pit Growth Law” and 
corrosion fatigue lives [1], surface corrosion protection of aluminium structures on marine environements [2], non 
destructive quantification of pittings [3], pitting corrosion behavior of alumium alloy on welded joint [4], the effect 
of temper conditions and corrosion on the faigue endurance of an aluminium alloy [5], improving pitting corrosion 
resistance of alumimium alloy by laser surface melting [6], or proposing a model of probability for the growth of 
corrosion pits in aluminium alloys [7]. 
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This work is devoted to the study of fatigue endurance of alumimium alloy 6061-T6 under rotating bending 
fatigue tests, when one or two artificial pitting holes are machined at the narrow section of the hourglass shape 
specimen. Special attention was focused on the stress concentration factors caused by the artificial pitting holes and 
the relasionship to experimental fatigue endurance.  
Nomenclature 
D0 Narrow section diameter of specimen  
SRz  Maximum height roughness 
Dp Diameter of artificial pitting hole 
σn Nominal stress 
P Applying load 
Kt          Stress concentration factor 
ν Poisson coefficient 
σy  Elastic limit 
f Test frequency 
2. Material 
In Table 1 and Table 2 are shown the chemical composition and mechanical properties respectively, for the tested 
material:
Table 1. Chemical composition for                                           Table 2.  Mechanical properties for 
aluminum alloy AISI-SAE 6061-T6                                          aluminum alloy AISI-SAE 6061-T6.                                                                         
Mechanical properties 
Density [Kg/m3] 2700 2700
Hardness, Brinell 95
ıy [MPa] 270 
ıu [MPa] 310 
E [GPa] 68.9 
Poisson ratio 0.33 
Elonga. at Break [%] 17
Chemical composition 
[Wt. %] 
               Al                  95.8 - 98.6 
               Cr                  0.04 - 0.35 
                Cu                 0.15 - 0.4 
                Fe                 Max. 0,7 
                Mg                0.8 – 1.2 
                Mn                Max. 0.15 
                Si                  0.4 – 0.8 
                Ti                 Max. 0.15 
                Zn                Max. 0.25 
               Other,            each Max. 0.05 
               Other,            total Max. 0.15 
3.  Specimen and testing conditions. 
3.1 Specimen 
Figure 1 presents the image, shape and dimensions of hourglass shape testing specimen.  An important parameter 
is the narrow section diameter D0, where the stress concentration is located under rotating bending fatigue. No 
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international standardization is available for the rotating bending fatigue test specimen; then, the specimen 
dimensions were fixed from machining and numerical simulation criteria and references [8,9]. 
3.2 Testing conditions 
Tests were carried out at room temperature; a cooling system with cooling air was implemented in order to keep 
the testing temperature below 60º C at the critical specimen narrow section.  Under this condition, no modification 
in the crystallographic structure of testing material was expected. Machining process for all specimens was as 
homogeneous as possible in order to avoid important variation on the surface roughness; the average value for SRz, 
the “maximum height roughness” was 14 mȝ. In Figure 2 are shown the artificial pitting holes machined on the 
narrow section of specimens: Figure 2a for one single artificial pitting hole and Figure 2b for two close artificial 
pitting holes. 
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Figure 1. Specimen picture and dimensions (mm). 
                                              
a)                                                                                 b) 
                                                           
Figure 2. Artificial pitting holes: a) single pitting hole, b) Two close pitting holes. 
Diameter of artificial pitting holes Dp was comprised between 1060 and 1140 μm. The separation of the two 
pitting holes was about 100 μm; this last parameter was controlled by automatic machining. Uniaxial fatigue loading 
was achieved for the three types of testing specimens; the stress concentration factor for the single pitting hole 
(hemispherical surface cavity), is evaluated according the expression [10,11]:  
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Here ν is the Poisson coefficient. For an aluminium alloy with ν = 0.33, the stress intensity factor Kt = 2.09;
important increase on stress is developed at the bottom of hemispherical cavity for one artificial pitting hole [12]; 
the stress is higher for the same applied load P in the case of two close pitting holes located at the narrow section of 
specimen. The stress concentration factor and fatigue endurance relationship for tested specimens is analysed in 
further sections of this work.    
4.  Numerical simulation 
In order to determine the loading condition and the stress distribution inside the specimen, numerical simulation 
by software Visual Nastran (specimens without pitting) and Ansys were carried out, Figure 3. It was found that with 
a bending load of P = 39 N, the induced Von Mises stress at the narrow section of the specimens without pitting was 
close to σn =105 MPa, the 39 % of elastic limit of this material: 270 MPa,   
                                                          
     
a)                                                                                         b) 
                                                                                               c) 
Figure 3. Numerical simulation: a) for a specimen without pitting hole, b) clipping at the narrow section, and          c) stress distribution for 
specimen with two close artificial pitting holes. 
According to recent work [12], oriented to numerical simulation for stress concentration factors on semi-
elliptical corrosion pits, the pit aspect ratio: a/2c  (the depth of pit “a” and the diameter “2c”), is a main parameter 
for the stress concentration. These results seem agree with analytical results presented in the middle of last century 
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[13]; nevertheless, two close pitting holes under uniaxial loading may induce stress concentration in function of its 
proximity when the geometrical dimensions of pitting holes remain constant. In this work is presented an 
exponential function for the relationship between the stress concentration factor Kt and the proximity of two pitting 
holes under uniaxial loading. 
5. Results
In Table 3 are shown the experimental parameters and results.  The number of testing specimens was 28; the test 
frequency was comprised between 25 to 100 Hz, 39 Newtons were used in all tests for applying load and the rate 
(%) between the stress concentration factor Kt at the narrow section multiplied by nominal stress σn and the elastic 
limit of material σy, is presented. In the last column are listed the fatigue life for each specimen.   
Table 3. Experimental parameters and results. 
Test
No.
Without 
Pitting
One Pitting Two Close 
Pitting
Test
Frequency f  
(Hz)
Apply 
Load 
(N)
Kt-σn/σy
(%)
No. of Cycles 
(Fatigue life) 
1 50 39 39 291000 
2 50 39 39 240500 
3 50 39 39 210000 
4 50 39 39 299500 
5 75 39 39 231600 
6 50 39 39 355500 
7 50 39 39 228000 
8 25 39 39 204500 
9 50 39 80 89450 
10 50 39 80 89550 
11 50 39 80 62000 
12 50 39 80 96000 
13 50 39 80 57000 
14 50 39 80 53700 
15 50 39 80 124750 
16 100 39 80 119400 
17 100 39 80 109000 
18 100 39 80 71500 
19 50 39 80 93250 
20 25 39 80 102000 
21 25 39 113 35475 
22 25 39 113 25750 
23 50 39 113 32400 
24 50 39 113 26300 
25 50 39 113 30650 
26 25 39 113 26850 
27 25 39 113 25375 
28 25 39 113 31520 
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Fatigue life for specimens without pitting was comprised between 2 x105 and 3.6 x105 cycles, whereas for the 
one artificial pitting hole specimens these values were 5.4 x 104 and 1.25 x 105 cycles. Fatigue endurance for the two 
close pitting holes specimens decreases dramatically to 2.5 x 104 and 3.5 x 104 cycles. It is observed a factor close to 
10 from these results comparing the fatigue life of first and last specimens. In Figure 4 are plotted these results in the 
Kt.σn/σy – N graph.   
5.1 Fracture surface analysis 
Fracture surfaces pictures were taken in order to analyze the trend of stress concentration and fatigue life of 
some tested specimens, Figure 5. 
               
Figure 4. Fatigue endurance for the three types of specimens 
a)                                             b)                                                       c) 
Figure 5. Fracture surfaces for the three types of specimens on Table 3: a) withou imen No. 2; b) one pitting, specimen No. 17; c) t pitting, spec
two pitting, specimen No. 25 
Figure 5a presents the fracture surface for one specimen without pitting. Under rotating bending fatigue tests the 
high stress zones are located at the fracture surface perimeter and decrease to the fracture surface center: the size of 
grooves decreases from fracture surface perimeter to the center [14]. Furthermore, for this type of specimen the 
center of fracture surface is characterized by the “granular zone” or fast crack growth zone where the plastic 
deformation is small or zero. Concerning the one pitting hole fracture surface, Figure 5b, contouring groves related 
grooves Pitting holes
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to plastic deformation are observed around the pitting hole: Kt = 2.09 and Kt.σn = (2.09) (104 MPa) § 217 MPa 
close to 80% of the elastic limit of this material. The two pitting holes fracture surface, Figure 5c, present high 
concentrated plastic deformation observed by parallel groves pointing to the two close pitting holes; in this case     
Kt § 3, then:  Kt.σn = (3) (104 MPa) § 312 MPa. For this last fracture surface, the applied load at the narrow section 
of specimen surpasses the elastic limit of material.  We have carried out these last tests, even under this condition, in 
order to point out the effect of pitting holes and the proximity of two pitting holes on the stress concentration and the 
fatigue life of testing material. 
6. Discussion.
In Figure 6 are shown the lateral fracture pictures for one and two artificial pitting holes specimens. In both cases 
the fracture follows the diameter direction perpendicular to applied load on the hemispherical pitting holes.  
a)                                                                                    b) 
Figure 6. Lateral fracture pictures of specimen in Table 3: a) Specimen No. 9, b) Specimen No. 24 
Stress concentration on hemispherical voids under uniaxial load is located at the bottom of pitting hole [12]; 
from the numerical resuls developed in this work, the stress concentration in the case of two close pitting holes 
seems to be located at the commun separation wall, Figure 3c. In order to investigate the stress concentration factor 
Kt in function of the separation S between the centers of two close hemispherical pitting holes, Figure 7a, some 
numerical simulation were carried out, Figure 7b. 
Pitting holes 
r
S
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Figure 7. Stress concentration factor: a) geometrical parameters between two close pitting holes, b) evolution of stress concentration factor 
 with the ratio S/r between center holes.
The numerical results show that for two hemispherical pitting holes with same diameter and separated by          
S/r = 2.2, the stress intensity factor is: Kt = 3. On the other hand, when the separation between the two 
hemispherical pitting holes is S/r = 2.6, the stress concentration factor is the corresponding for a single 
hemispherical pitting hole: no interaction is developed in this case. An empirical formulation for the stress 
concentration factor Kt in function of S/r is proposed for this aluminum alloy in the range 2.05 < S/r  < 2.6: 
                                                                             Kt = 1.76 (S/r – 2) -0.33                                                                     (2)
The “Multiaxial fatigue limit criterion for defective materials” has been presented in recent works [15,16] 
relating fatigue endurance and stress distribution. It was corroborated that the gradient of the hydrostatic part of the 
stress distribution at the tip of the defect seems to be a good parameter to represent the defect influence on the 
fatigue resistance in the range of the fatigue limit under multiaxial loading. Nevertheless, the analytical development 
based on one single defect, which is a very hypothetical case in real material with surface defects (cast iron, 
corroded or pitting material …), cannot represents the real hydrostatic stress gradient at the interacting zone of two 
close hemispherical holes. Further investigation should be necessary for the understanding of fatigue-corrosion 
phenomena; particularly, the interaction between fatigue crack growth and pitting growth [17,18]; pitting holes 
geometrical dimensions and proximity; grain boundaries, size, shape, and orientation versus fatigue-corrosion 
[19,20]; multiaxial loading and others factors.                       
7. Conclusion  
1) Fatigue endurance under rotating bending fatigue tests of aluminum alloy 6061-T6 decreases with the 
presence of one artificial pitting hole and dramatically with two close artificial pitting holes, 
2) For industrial applications of metallic alloys enduring corrosion attack and fatigue, the probability to 
generate two or more close pitting holes is high; then, fatigue-corrosion design should consider the presence 
of high concentration stresses induced by two or more close pitting holes, 
3) Stress concentration for two close pitting holes seems to be located at the commun separation wall, 
4) The range of test frequency: 25 to 100 Hz, does not affect fatigue life of three types specimens, as it is shown 
on Table,  
5) Stress concentration factor increases exponentially with the proximity of two close pitting holes; an 
exponential expression is presented in this work for a range of proximity.    
6) For real material with pitting holes (cast iron, corroded or pitting elements), the probability to find two or 
more closer pitting holes is high; then, stress gradients should be estimated under this condition, not for a 
single pitting hole. 
Acknowledgements 
The authors acknowledge the University of Michoacan (UMSNH, Morelia, Mexico) for the facilities 
received in the development of this work. Special mention of gratitude to CONACYT (National Counsel for Science 
and Technology, Mexico City) for the financial support devoted to this study. 
References 
[1]  Ishihara S, Saka S.S., Nan  Z.Y., Goshima T. and Sunada S., Prediction of Corrosion Fatigue Lives of Aluminium Alloy on the Basis of 
Corrosion Pit Growth Law, Fatigue & Fracture of Engineering Materials & Structures 2006; 29: 472–480. 
[2] Allachi H., Chaouket F., Draoui K., Protection against corrosion in marine environments of AA6060 aluminium alloy by cerium 
chlorides, Journal of Alloys and Compounds 2010; 491: 223–229. 
812 G.M. Dominguez Almaraz et al. / Procedia Engineering 2 (2010) 805–813
G. M. D. ALMARAZ et al/ Procedia Engineering 00 (2010) 000–000 9
[3] Santanu De, Palit Sagar S., Dey S., Prakash A., Chattoraj I., Quantification of pitting in two tempers of 7075 aluminium alloy by non-
destructive evaluation, Corrosion Science 2010, in press. 
[4]  Kang J., Fu R., Luan G., Dong Ch., He M., In-situ investigation on the pitting corrosion behavior of friction stir welded jointof AA2024-
T3 aluminium alloy, Corrosion Science 2010; 52:620–626. 
[5] Kermanidis A.T., Zervaki A.D., Haidemenopoulos G.N., Pantelakis G., Effects of temper condition and corrosion on the fatigue
performance of a laser-welded Al–Cu–Mg–Ag (2139) alloy, Materials and Design 2010; 31:42–49. 
[6] Xu W.L., Yue T.M., Man H.C., Chan C.P., Laser surface melting of aluminium alloy 6013 for improving pitting corrosion fatigue 
resistance, Surface & Coatings Technology 2006;200:5077–5086. 
[7] Rajasankar J., Nagesh R. I., A probability-based model for growth of corrosion pits in aluminum alloys, Engineering Fracture Mechanics
2006; 73:553–570. 
[8]  Oguma N., Harada H., Sakai T., Strengh level dependance of long-life fatigue behavior for bearing steels in totating bending,  Proc. 3rd
VHCF Int. Conf. Eds. T. Sakai and Y. Ochi, University of Electro-Communications pub. 2004, Kyoto, Japan: 617-624. 
[9]  Sakai T., Murase T., Yoshiyama S., Tadahiko T., Takeda M., Rotating bending fatigue property of structural steels having different 
strength levels in gigacycle regime,  Proc. 3rd VHCF Int. Conf. Eds. T. Sakai and Y. Ochi, University of Electro-Communications pub. 
2004, Kyoto, Japan: 641-648. 
[10] Pilkey W.D., Pilkey D.F., Peterson’s Stress Concentrations Factors, Third Edition, John Wiley & Sons (Edit.); 2007. 
[11] Paris P.C, Palin-Luc T., Tada H. and  Santier N., Stresses and crack tip stress intensity factors around spherical and cylindrical voids and 
inclusions of differing elastic properties and with misfit sizes, Crack Paths 2009, September 23-25th 2009, Vicenza, Italy: 495-502. 
[12] Cerit M., Genel K., Eksi S., Numerical investigation on stress concentration of corrosion pit, Engineering Failure Analysis 2009; 16:
2467–2472. 
[13] Sadowsky M.A., Sternberg E., Stress concentration around an ellipsoidal cavity in an body under arbitrary plane stress perpendicular to 
the axis of revolution of cavity, Journal of Applied Mechanics 1947, A191-A201. 
[14] Domínguez Almaraz G.M., Mercado Lemus V.H., Mondragón Sánchez M.L., Crack Initiation and propagation on AISI-SAE stainless
steel 304 under  rotating  bending  fatigue tests and close  to elastic limit, Crack Paths 2009, September 23-25th 2009, Vicenza, Italy: 
961-968. 
[15] Billaudeau T., Nadot Y., Bezine G., Multiaxial Fatigue Limit for Defective Materials: Mechanisms and Experiments, Acta Materialia
2004;52:3911-3920. 
[16] Nadot Y., Billaudeau T.,  Multiaxial Fatigue Limit Criterion for Defective Materials, Engineering Fracture Mechanics 2006; 73:112-
133. 
[17] Van der Walde K., Hillberry B.M., Characterization of pitting damage and prediction of remaining fatigue life, International Journal of 
Fatigue 2008; 30:106–118. 
[18] Burns J.T., Sangshik Kim S., Gangloff R.P., Effect of corrosion severity on fatigue evolution in Al–Zn–Mg–Cu, Corrosion Science
2010; 52:498–508. 
[19] Van der Walde K, Hillberry B.M.,  
[20] Jones K., Hoeppner D.W., The interaction between pitting corrosion, grain boundaries, and constituent particles during corrosion fatigue 
of 7075-T6 aluminum alloy, International Journal of Fatigue 2009; 31: 686–692. 
G.M. Dominguez Almaraz et al. / Procedia Engineering 2 (2010) 805–813 813
